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Abstract 
The mechanical strength of composite supports based on alumina and mordenite is investigated and the nonlinear dependence of 
the strength on the zeolite content is discovered. Contributions to the overall strength of the binder, zeolite and their interaction 
strength component are assessed on the basis of data on the samples textural characteristics. The data may be used to increase the 
strength characteristics of catalysts for various industrial processes. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Zeolites, which are the framework crystalline aluminosilicates, are employed in various fields of industry: 
recovery and purification of normal paraffins, hydrocarbons catalytic reactions, coolants desiccation, gaseous 
components separation, etc. Zeolites exhibit high catalytic activity in acid-base reactions: cracking, isomerization 
and alkylation of hydrocarbons, alcohols dehydration, and olefins hydration. In the catalyst industry zeolites are 
used as granules. Since molding of pure zeolites is a difficult and laborious operation, strong catalysts and supports 
are often obtained by blending of zeolites with a binder: clays, alumina, silicic acid sol or cements [1, 2].  
The introduction of a binder changes the textural characteristics of the initial zeolites. Pore structures of zeolite 
and binder as well as interspaces between their particles constitute a new secondary structure. Mechanical strength 
of zeolite catalysts depends on the strength of its components, the secondary structure texture, and synthesis method 
[3]. 
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In this investigation, a binder was represented by alumina. It is one of basic components of heterogeneous 
catalysts for oil refining. Its wide application is connected with a favorable combination of various physicochemical 
characteristics: the branched mesoporous structure, high specific surface area, the hydroxyl coating diversity, acidic 
properties of the surface, plasticity in molding, and good binding properties [4-6].  
When choosing a heterogeneous catalyst for industrial purposes, strength is an important operational 
characteristic, which enters the list of ensured parameters. In some cases, a catalyst in units should be replaced not 
due to a loss in its catalytic activity, but just because of the granules destruction and carry-over of fragments and 
dust with the product owing to deterioration of mechanical strength upon operation. 
The strength of a bulk solid is determined primarily by the strength of its solid particles, whereas the strength of 
finely dispersed solids with the open porosity is determined mostly by the properties of contacts between the 
corresponding particles as well as by textural characteristics [7], hence, such strength is established during the 
synthesis of material. 
The factors affecting the mechanical strength of finely dispersed structures, such as catalysts and adsorbents, 
were described by P.A. Rebinder and E.D. Schukin within the DLVO theory [8]: 
x strength of a finely dispersed solid is proportional to the number of contacts per unit contact section and to the 
average strength of individual contact. 
x the number of contacts is determined by the particle size and their packing, which is related with porosity and 
pore size distribution: the finer is the porosity and the denser is the packing, the greater is the number of contacts 
per unit section. 
x large pores diminish the specific number of contacts and concentrate the internal stresses leading to cracking and 
a strength loss. 
x latent internal micro- and macroscopic stresses, which emerge in porous solids upon their synthesis, lead to the 
cleavage of a part of contacts and decrease the mechanical strength, particularly in their operation. 
The listed statements underlie the ideas about methods for obtaining strong dispersed porous solids. At present, 
physicochemical theory of the dispersed materials strength is mostly of qualitative than quantitative nature, so in 
catalysts commercial production the mechanical strength is calculated from empirical rather than theoretical data. 
Studies in this field are certainly topical and timely due to the absence of general rules for theoretical calculation of 
mechanical strength of finely dispersed composite materials, poor understanding of the strength characteristics of 
aluminozeolite systems, great commercial importance of this problem, and rapid introduction of the secondary 
process technologies using zeolite catalysts into oil refining (cracking, hydrocracking, isomerization, selective 
cracking, isoforming, etc.). 
The goal of the work was to investigate the strength characteristics of composite supports for the catalysts based 
on γ-Al2O3 and mordenite zeolite in dependence on their textural characteristic and composition. The choice of the 
research subjects was related to the fact that their composition has already been optimized by the work authors in 
terms of catalytic activity in isomerization and hydroisomerization of the benzene-hexane fraction [9, 10]. 
2. Experimental 
2.1. Supports preparation 
The composite supports were synthesized using the NH4
+ form of mordenite with the acid module SiO2/Al2O3 = 
20 (Zeolyst International). Pseudoboehmite (Sasol Germany GmbH) served as a precursor of the binding 
component. The mixture was plasticized with a solution of acetic acid. Molding was carried out on a press using a 
spinneret. The formed pulp was dried in air at room temperature to obtain the air-dry state, after that the temperature 
was raised to 120 °C at a rate of 20 °C/h and held for 2 hours. The extrudate was then fractured into 6-10 mm 
granules and calcined in a muffle furnace at 500 °C (a ramp rate of 100 °C/h and holding for 2 h). 
2.2. Strength measurements 
The synthesized composites strength was measured on a Lintel PK-21-0.15 strength meter under static conditions 
using the cross-section method. The number of simultaneously tested samples was 24, and the absolute 
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measurement error for forces in a range from 1.5 to 15 N was not greater than 0.2 N and in a range from 15 to 150 N 
was 1 %. 
2.3. Textural properties 
Textural properties of the samples were measured by N2 adsorption-desorption at the Sopromatic 1900 apparatus. 
The samples specific surface determination was performed according to the BET method based on the nitrogen 
adsorption equilibrium measurement at 77 K. 
3. Results and discussion 
To reveal the effect of the Al2O3/MOR ratio on mechanical strength, six samples were synthesized. The samples 
were denoted as A, AMOR-10, AMOR-20, AMOR-30, AMOR-40 and AMOR-50, where A stands for Al2O3, MOR 
is the mordenite zeolite, and a number indicates zeolite percentage in the composite. During the preliminary samples 
calcination at a temperature of 500 °C, pseudoboehmite turned into γ-Al2O3, and the NH4
+ form of mordenite – into 
its H+ form: 
ʹ ܣ݈ܱܱܪ ՜ ߛ-ܣ݈ଶܱଷ ൅ ܪଶܱ 
ܰܪସା-ܯܱܴ ՜ ܪା-ܯܱܴ ൅ ܰܪଷ 
Only straight granules were selected for mechanical strength testing. The number of measurements for each 
composite was 48. The averaged mechanical strength measurements of the AMOR composites as well as the 
standard deviation values and confidence interval are listed in Table 1. For clarity, the dependence of strength 
characteristics on the composition is illustrated on Fig. 1. 
                                       Table 1. Average strength and statistical characteristics for AMOR composites. 
Sample Av. strength, N Standard deviation s Confidence interval (95 %) 
A 15.6 10.5 ± 3.0 
AMOR-10 23.9 14.9 ± 4.2 
AMOR-20 22.5 16.3 ± 4.6 
AMOR-30 19.7 14.8 ± 4.2 
AMOR-40 13.8 8.6 ± 2.4 
AMOR-50 10.7 6.9 ± 2.0 
 
According to Table 1 and Fig. 1, the dependence of strength on the composition in the case of AMOR composites 
is nonlinear. Thus, the introduction of 10-30 % mordenite into the Al2O3 structure increases the strength, although 
such modification produces a decrease in the content of the binder component. The greatest gain in strength with 
respect to initial Al2O3 is observed for the AMOR-10 sample, 53.2 %. As the mordenite content in the composite is 
raised to 20 and 30 wt.%, the absolute gain decreases to 44.2 and 26.3 %, respectively. The strength characteristics 
of AMOR-40 and AMOR-50 samples are lower as compared to the initial Al2O3. 
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Fig. 1. Strength of the AMOR composite versus its composition. 
In the Introduction we have considered the factors affecting the strength of finely dispersed structures, so the 
strength function of the AMOR composite can be described as follows: 
a = f (binder, porosity, particle size, A–MOR interaction) 
Let us consider arguments of this function in more detail. If the result of Al2O3 modification with zeolite is 
considered as only a decrease in the content of the binder component, an additive decrease in the strength of 
composites would be observed in A, AMOR-10, AMOR-20, …, AMOR-50 series, which actually did not occur. To 
explain the nonlinear nature of the composites strength characteristics, let us examine their porous texture. 
According to the IUPAC classification, there are micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 
nm). Thus, zeolites have a microporous structure: in the mordenite framework, the 12-membered rings forming its 
main pores have the diameter of 0.7 nm. Therewith, the mordenite crystallite size is close to a micrometer. Alumina 
has a mesoporous structure with the pore size of 5-8 nm. The size of the primary Al2O3 particles agglomerates is 20-
40 nm. Table 2 lists the textural characteristics of the AMOR composites. 
                                                Table 2. Textural characteristics of AMOR composites. 
Sample 
SBET, m2/g Vě, cm3/g 
Dav, nm 
experiment calculation experiment calculation 
A 245 – 0.52 – 8.4 
AMOR-10 264 273 0.53 0.50 8.0 
AMOR-20 281 301 0.51 0.48 7.1 
AMOR-30 297 330 0.49 0.46 6.6 
AMOR-40 347 358 0.49 0.44 6.0 
AMOR-50 370 386 0.44 0.42 4.8 
MOR 527 – 0.32 – 2.4 
 
According to Table 2, the specific surface area (SBET) of mordenite pores is twofold greater as compared to 
Al2O3. SBET of the samples increases with the zeolite content. Experimental the surface area values of AMOR 
composites are lower than the values calculated by additivity, which may be caused by the difference in the size of 
Al2O3 and MOR particles. Along with the increase in SBET, a decrease in the total pore volume (V∑) and average 
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diameter (Dav) of the pores is observed. The obtained pattern indicates that mesoporosity of the AMOR composites 
decreases with increasing the mordenite content. 
Upon zeolite introduction into alumina, large and strong MOR crystallites substitute the regions formed by 
mesoporous agglomerates of the primary Al2O3 particles. If the amount of introduced zeolite is small, each of the 
crystallites is surrounded with the binder. Thus, the local substitution of the binder by a stronger crystallite increases 
the strength of the whole system. A rise in the zeolite fraction increases the fraction of MOR crystallites located 
close to each other, without the binder interlayer. Since the interaction between adjacent MOR crystallites is much 
weaker than the interaction between Al2O3 agglomerates, strength of the system starts to decrease. 
Thus, it can be stated that the strength of composites includes at least three components: the alumina one, which 
expresses the contribution of the binder to the strength, the zeolite one, which corresponds to the contribution of 
zeolite (in particular to the decrease in mesoporosity) and component, which corresponds with interaction between 
alumina and zeolite. Under the assumption of these components additivity, they can be separated graphically, i.e. the 
strength function can be presented as the sum of functions of alumina, zeolite and their interaction components. 
At that work we singled out only alumina strength component. For this purpose, we tried to synthesize a series of 
composite supports based on Al2O3 in which the corresponding deterioration of the binding properties would not 
change the pore characteristics. This is the AA series of supports, which were synthesized by the above described 
technique for AMOR composites with the only exception: prior to plasticization, a pseudoboehmite powder was 
supplemented not with the zeolite but with the calculated amount of calcined Al2O3 powder. The calcined Al2O3, in 
distinction to the initial AlOOH, is not peptized and enters the composite as a filler but not a binder. 
The textural characteristics of AA composites are listed in Table 3. 
                                                                            Table 3. Textural characteristics of AA composites. 
Sample SBET, m2/g Vě, cm3/g Dav, nm 
A 245 0.52 8.4 
AA-10 250 0.61 9.7 
AA-20 225 0.51 9.1 
AA-30 227 0.55 9.7 
AA-40 223 0.52 9.3 
AA-50 220 0.51 9.3 
 
As seen in Table 3, the specific surface area of the pores in AA composites is insignificantly lower as compared 
to Al2O3 synthesized by the classical method (sample A), and decreases with increasing the content of the modifying 
filler. A possible explanation of the decrease is that plasticization of the initial pseudoboehmite under the action of 
acids (in our case, a solution of acetic acid) produces a more developed system of pores and structural defects, 
which affects also the total porosity. The effect of acids on the calcined Al2O3 is much weaker; thus, it decreases the 
specific surface area of the AA composites.  
The averages mechanical strength measurements of the AA composites and the standard deviation values and 
confidence interval are listed in Table 4. The dependence of strength on the composition is illustrated on Fig. 2.1. 
                                                   Table 4. Average strength and statistical characteristics of AA composites. 
Sample Av. strength, N Stand. deviation s Confidence interval (95 %) 
A 15.6 10.5 ± 3.0 
AA-10 12.0 7.0 ± 2.0 
AA-20 8.7 3.7 ± 1.1 
AA-30 8.3 2.7 ± 0.8 
AA-40 7.8 2.6 ± 0.7 
740   E.A. Belopukhov and A.S. Belyi  /  Procedia Engineering  152 ( 2016 )  735 – 741 
AA-50 7.3 1.5 ± 0.5 
 
 
According to Table 4 and Fig. 2, the strength of АА composites (plot b) decreases with a decrease in the fraction 
of binder and an increase in the fraction of filler. The dependence of strength on the composition of AA composites 
is linear and has the inflection point in the region of sample AA-20. 
 
 
Fig. 2. Strength of the AMOR and AA composites versus their composition: curve a – the total contribution of zeolite and binder to the strength 
value, curve b – the contribution of the binder to the strength value; (2) Curve c – the difference between a and b reflecting the contribution of 
zeolite and A–MOR interaction to the strength value. 
Figure 2 shows the total strength of the AMOR composites in dependence on their composition (plot a): 
a = f (binder, porosity, particle size, A–MOR interaction), 
and the function of alumina component expressing the contribution of the binder to the strength value (plot b): 
b = f (binder). 
The difference of plots a and b gives plot c (Fig. 2.2), which reflects the contribution of zeolite and A–MOR 
interaction to the strength value. 
c = a – b = f (porosity, particle size, A–MOR interaction). 
Arguments of the function of the components contribution to the total strength are likely to include a decrease in 
mesoporosity, a size ratio of zeolite crystallites and alumina particles, a relative number of the crystallites and 
degree of their interaction. Zeolites by themselves are difficult to mold and can hardly give strong granules. As was 
demonstrated for the AA series samples, a decrease in the content of binder, other conditions being equal, produces 
a decrease in the strength. In the synthesis of AMOR composites, the monolithic micrometer-sized microporous 
mordenite crystallites substitute the composite regions that earlier consisted of the bound agglomerates of primary 
Al2O3 particles penetrated by structural mesopores. At a low mordenite concentration and high structural dispersion, 
these crystallites are densely surrounded and confined by small binder particles, thus increasing composite 
mechanical strength. As the mordenite concentration rises, its crystallites more often reside close to each other, and 
at the sites of their agglomeration a deficit of the binder becomes pronounced. Thus, when the mordenite content in 
the composite exceeds 20-30 %, its contribution to the strength component of the composite starts to gradually 
decrease. 
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4. Conclusions 
A nonlinear dependence of the strength of composite supports for the catalysts based on γ–Al2O3 and mordenite 
on their composition was considered. A relationship between strength and texture of the composites was revealed. 
An attempt was made to isolate the composite components contributions from the total strength. Thus, upon zeolite 
addition to the composite, not only a decrease in the content of binder, which diminishes the strength, was observed, 
but also a decrease in mesoporosity of the composites, which, at a zeolite content up to 30 %, increases the 
composite strength with respect to the initial alumina. 
Since studies on the strength characteristics of composite supports and catalysts are quite scarce, this work is 
important both for acquiring the fundamental knowledge and for possible extension of the operating life of 
commercial catalysts. The data presented in this investigation may be used to increase the strength characteristics of 
catalysts for various industrial processes, such as reforming or isomerization. 
Acknowledgements 
The authors are grateful to Savelieva G.G. and the Omsk Research Collaboration Center SB RAS for the 
examination of the samples textural properties. 
References 
[1] D. Brek, Zeolite Molecular Sieves: Structure, Chemistry, and Use, Wiley, New York, 1974.  
[2] Kh. Minachev, V. Kharlamov, Redox Catalysis on Zeolites, Nauka, Moscow, 1990 (in Russian). 
[3] M.A. Piontkovskaya, Physicochemical, Adsorption and Catalytic Properties of Modified Faujasites, Naukova Dumka, Kiev, 1978 (in 
Russian). 
[4] N. Pakhomov, Scientific Bases of Catalyst Preparation: Introduction to Theory and Practice, SB RAS Publ., Novosibirsk, 2011 (in Russian). 
[5] A.B. Stiles, Catalyst Supports and Supported Catalysts. Theoretical and Applied Concepts, Butterworths, Boston, 1987.  
[6] The Pysical and Chemical Aspects of Adsorbents and Catalysts, B.G. Linsen (Ed), Academic Press, Delft, 1973. 
[7] E. Schukin, S. Kontorovich, On the strength and longevity of finely dispersed porous solids – catalysts and sorbents, Kinet. Catal., 9 (1968) 
1133–1142.  
[8] P. Rebinder, E. Schukin, L. Margolis, On the mechanical strength of porous dispersed solids, Reports of the USSR Academy of Sciences, 154 
(1964) 695–698 (in Russian). 
[9] E.A. Belopukhov, et al., Benzene hydroisomerization over Pt/MOR/Al2O3 catalysts, Catalysis in Industry, 4 (2012) 253–260. 
[10] M.D. Smolikov, et al., Isomerization of n-heptane on Pt/MOR/Al2O3 catalysts, Catalysis in Industry, 6 (2014) 223–230. 
 
 
